There are growing amount of very high-resolution polarized scattered light images of circumstellar disks. Naturally, the question arises whether the circumplanetary disk forming around nascent planets can be detected with the same technique. Here we created scattered light mock observations at 1.2 and 1.6 microns for instruments like SPHERE and GPI, for various planetary masses and disk inclinations. We found that the detection of a circumplanetary disk is significantly favored if the planet is massive (≥ 5M Jup ) and the system is nearly face-on (≤ 30
INTRODUCTION
Young, forming giant planets are surrounded with their circumplanetary disks, where their satellites will form eventually. Regardless whether the planet formed via core accretion or disk instability scenario, the circumplanetary disk forms in the last phase of the formation. While the circumplanetary disk properties will somewhat differ in the two cases (Szulágyi et al. 2017a) , it is possible to detect them at various wavelengths. The planet is deeply embedded within this disk, therefore to detect forming planets is in fact detecting their circumplanetary disk.
Unlike circumplanetary disks, circumstellar disks have been thoroughly characterized from observations during the last decade thanks to optical/near-IR instruments like VLT/SPHERE and GPI (e.g., Garufi et al. 2017; Rapson et al. 2015) and to the (sub-)mm interferometer ALMA (e.g., Andrews et al. 2018) . Among the near-IR observations, the most successful technique to directly image circumstellar disks is currently the polarized differential imaging (PDI, Kuhn et al. 2001 ; Apai et al. 2004 ). This technique allows E-mail: judit.szulagyi@uzh.ch a very good removal of the strong stellar flux by separating the polarized light (mostly scattered light from the disk) from the unpolarized light (mainly stellar light). Therefore, most of the available high-resolution near-IR maps of circumstellar disks trace the polarized scattered light from the disk surface.
In principle, these observations also open the way to detect the circumplanetary disk the same way although this is yet to be proven observationally. On the other hand, increasing observational evidence of circumplanetary disks comes from the spectral characterization or hydrogen line detection of planet candidates still embedded in the natal circumplanetary disks, like e.g., around PDS70 and LkCa15 (e.g. Müller et al. 2018; Wagner et al. 2018; Christiaens et al. 2019; Kraus & Ireland 2012; Sallum et al. 2015) .
Mock observations are useful tools to plan and interpret real observations. Planet-disk interactions, such as gaps has been studied on synthetic images (Dipierro et al. 2015; Szulágyi et al. 2018; Zhang, et al. 2018 (Dong et al. 2012) . Synthetic observations of scattered light shed light on how planet-disk interactions -especially spirals -are expected to look like (Dong et al. 2015a,b; Fung & Dong 2015; Dong, Fung, & Chiang 2016) . It has also been suggested, that polarized light from the circumplanetary disk dust could be detected in favorable circumstances .
In this paper we combine temperature-included (i.e. radiative) 3D gas hydrodynamic simulations, with MonteCarlo radiative transfer to create mock observations about detecting the circumplanetary disk in scattered light with and without polarization. In the first paper of this series, we looked at the circumplanetary disk observability at submm/radio wavelength ). In the second paper, we reviewed the case for near-infrared and spectral energy distributions (Szulágyi et al. 2019) . In the next study we make predictions of hydrogen recombination line fluxes with extinction.
METHODS
We had a three step process for creating the mock images presented in this work. First, we run 3D radiative hydrodynamic simulations of the circumstellar disk with a forming planet embedded within (Sect. 2.1). Then we used the RADMC-3D radiative transfer tool to create wavelengthdependent images of the systems on 1.6 and 1.2 microns with polarization (Sect. 2.2). Finally, we convolved the images with a diffraction limited PSF for the VLT/SPHERE instruments and created polarization maps (Sect. 2.3).
Hydrodynamic Simulations
The hydrodynamic simulations in this study are the same as in our previous paper (Szulágyi et al. 2019 ) of the series. In brief, we had a circumstellar disk with a mass of ∼ 10 −2 MSun between 20 and 120 AU around a solar-mass star, where a planet is forming at 50 AU. In four different simulations, the planet masses were Saturn-mass, 1 Jupiter-mass, 5 Jupitermasses and 10 Jupiter-masses (i.e. only one planet present in each hydrodynamic run). We used the JUPITER code to carry our the hydrodynamic calculations, that was developed by F. Masset and J. Szulágyi (Szulágyi et al. 2014 (Szulágyi et al. , 2016a de Val-Borro et al. 2006 ) that not only solves Euler equations but also radiative transfer in the flux-limited diffusion approximation with the two-temperature approach (e.g. Commerçon et al. 2011) . This way the temperature of the gas is realistically calculated. The heating processes include adiabatic compression, viscous heating and stellar irradiation, while the cooling processes were adiabatic expansion and radiative diffusion. The main source of heating in the circumplanetary disk is the accretion process (Szulágyi et al. 2016a) , as the gas tries to fall onto the planet, leading to adiabatic compression in this region, as well as the shock front on the circumplanetary disk surface (Szulágyi & Mordasini 2017) .
Given that we were particularly interested in the circumplanetary region, where high-resolution is necessary to get the disk characteristics (density, temperature, velocities) right, we used mesh refinement in this region. This means that while the circumstellar disk has been simulated with a lower resolution (680 cells azimuthally over 2π, 215 cells radially between 20 and 120 AU and 20 cells in the co-latitude direction over 7.4 degrees opening angle from the midplane), the Hill-sphere of the planet were well resolved with four levels of refinement. Each level doubles the resolution in each spatial direction, hence the final resolution in the planet vicinity was 0.029 AU.
While the dust is not explicitly treated in the simulation, its effect on the temperature of the disk is taken into account through the dust opacities (with the limit of assuming a constant dust-to-gas ratio of 1%). The opacity table was equivalent to what was used in Szulágyi et al. (2019) , and included both gas and dust opacities. The viscosity was a constant kinematic viscosity of 10 −5 ap 2 Ωp, where ap is the semi-major axis and Ωp denotes the orbital frequency of the planet.
RADMC-3D post-processing
RADMC-3D (Dullemond 2012) 1 radiative transfer tool was used to create wavelength-dependent intensity images from the hydrodynamic simulations. We used 10 7 photons for these Monte-Carlo runs and verified that this value was enough to reach convergence.
The dust-density files were created from the gas density (which is a good assumption, since the dust grains are micron-size and thus are strongly coupled to the gas), by multiplying the gas density in each cell with the dust-togas ratio of 1%. We assumed thermal equilibrium, hence we used the dust temperature to be equal to the gas temperature, except that the dust evaporation above 1500 K was taken into account. So in the cells where the temperature rose above this limit, the dust density was set to zero.
The hydrodynamic simulations cannot handle well optically thin, low-density regions of the circumstellar disk, such as the disk atmosphere. In the hydro simulations the disk opening angle was only 7.4 degrees, but real circumstellar disks have a larger opening angle. For realistic mock images, therefore we had to extend the disk in the vertical direction by extrapolation for the RADMC-3D calculations. In the vertical direction, we fitted Gaussians to the density field in each cell column separately, so that the vertical extent of the disk was 2.5 times larger than the original hydro simulation's. In this disk atmosphere region, we kept the temperature as in the last (optically thin) co-latitude cells. This means that the temperature in this region was constant with co-latitude and of course higher than the temperature in the bulk of the disk due to stellar irradiation.
The dust opacities were identical to what had been used in Pohl et al. (2017) . It was assumed to be a mixture made of silicates (Draine 2003) , carbon (Zubko et al. 1996) , and water ice (Warren & Brandt 2008) with fractional abundances of 7%, 21%, and 42%, consistent with Ricci et al. (2010) . The remaining 30% was vacuum. The opacity of the mixture was determined by means of the Bruggeman mixing formula. The absorption and scattering opacities, κscat and κ abs , as well as the scattering matrix elements Zij were calculated for spherical, compact dust grains with Mie theory Figure 1 . Polarized scattered light images at 1.245 microns (J band) with 0 • inclination for the 10, 5, 1, and 0.3 Jupiter-mass cases (from top to bottom). The columns are the I, P I, Q φ , and U φ maps respectively. The P I, Q φ , and U φ images have the same color stretch, whereas the inset zoom of the Q φ map has a harder stretch with negative values shown in black.
considering the BHMIE code of Bohren & Huffman (1984) . The grain sizes were between 0.01 micron and 150 micron, with a power-law index of -3.5.
The RADMC-3D image resolution was set to 1000 × 1000 pixels in each case to avoid resolution problems. The distance of the circumstellar disk was assumed to be 100 parsec for the calculations.
Polarization maps
To compare our simulations to the available observations, we first convolved the images with a Gaussian-like PointSpread-Function, with a Full-width-half-maximum to be 1.22 · λ/D, where λ is the wavelength and D is the mirrorsize of 8.2 meters (equivalent of VLT mirror diameter). The RADMC-3D provides the set of Stokes parameters I, Q, U, V . The polarized intensity map P I was obtained through:
An alternative treatment of the Stokes parameters is commonly used in observational work, that is the creation of the tangential (sometimes called radial or polar) parameters Q φ and U φ (Schmid et al. 2006 ). These are defined as:
with φ being the angle with respect to the stellar position (x0,y0) calculated as:
By construction, Q φ corresponds to P I in the scenario of perfectly centro-symmetric scattering, whereas U φ is ideally expected to only contain noise.
RESULTS
The obtained I, P I, Q φ and U φ maps of the benchmark case in the J band with i = 0
• are shown in Fig. 1 . It includes the simulations for the four planetary masses considered: 0.3 MJup, 1 MJup, 5 MJup, 10 MJup. On the images, the planet (and circumplanetary disk) always lies to the East at 50 au from the central star.
From these images, the main CSD is always very bright in P I and its morphology resembles that of the I images. The circumplanetary disk is visible in the first two cases only, that is with a planet of 10 and 5 MJup. Similar considerations apply to the Q φ images and these maps look very similar to the P I. On the other hand, the circumplanetary disk from the Q φ images looks appreciably different than from the P I (see Sect. 3.1). On the other hand, the U φ images do not show any significant signal except around the circumplanetary disk in the first case.
What said above for the benchmark case also applies to the other images created (see Appendix A). The only obvious differences are that the circumplanetary disk becomes decreasingly evident with increasing inclination, and that some signal is recovered from the U φ image when the inclination is high, in agreement with the theoretical prediction by Canovas et al. (2015) .
Polarized contrast
In this section, we provide a more quantitative analysis of the maps in Fig. 1 , as well as of those shown in Appendix A. Measuring the amount of scattered light from real observations is a challenging task because of the difficulties in flux-calibrating the images and because the disk flux is directly dependent on the stellar flux. Some authors quantified the polarized light from the disk in relation to the stellar flux, thus as to alleviate the dependence on the stellar brightness. In particular, a way to do it is by dividing the observed polarized flux at a certain disk location, F pol (r), by the stellar flux incident on that disk region, F * /4πr
2 . This number contains information on both the intrinsic albedo of particles (see e.g., Mulders et al. 2013) and on the fraction of photons scattered toward the observer (see e.g., Stolker et al. 2016) and is thus sometimes referred to as (polarized) geometric albedo or contrast. This measurement is available for a relatively large number of real disks (see Garufi et al. 2017 Garufi et al. , 2018 .
From our simulations, we obtained the aforementioned contrast along a radial cut oriented toward the planet. This profile is obtained from the P I, Q φ and U φ images and is shown in Fig. 2 for some illustrative cases. We also extracted the specific contrast from the circumstellar and from the circumplanetary disk by averaging the contribution from their respective regions. The values thus obtained for the circumstellar disk from the different simulations are comprised in a narrow interval of values (from 1.5% to 3.2%). Compared to real disks, these numbers are realistically high since the brightest disks ever observed in PDI have it up to ∼ 2% (see Garufi et al. 2017) .
On the other hand, the contrast obtained around the circumplanetary disk span enormously (from 800% to 0.1%). From the P I image, the contrast of the 10 MJup case is always larger than 1 (i.e., more photons than those incident from the star are detected) indicating a strong additional source of photons to be scattered (the planet and the hot inner circumplanetary disk). This observational scenario would be by itself a natural, robust evidence of circumplanetary disk. However, for all the other cases that we studied the detection of the circumplanetary disk in polarized light is less straightforward. Observationally, we can define a formal threshold of 0.1% below which the signal is mostly noise ). According to this criterion, 15 of the remaining 18 cases (3 planet masses, 3 inclinations, 2 wavebands) should still be regarded as detection.
We must nonetheless consider the effect of the circumstellar disk itself that may still be present at the planet location (in particular for the 0.3 MJup case where the disk gap is more shallow than for more massive planets) and leaves the same imprint on the scattered-light images. In this regard, we noticed that the contrast around the planet decreases toward smaller masses but then increases again for the lowest-mass case.
Circumstellar versus circumplanetary disk signal
Our simulations show that it is formally possible to distinguish between the scattered light from the circumstellar and from the circumplanetary disk by comparing the contrast from the P I and Q φ images. In fact, for the two largest-mass planet scenarios the polarized contrast around the planet calculated from these two maps differ significantly (an average ∼ 60%) whereas in the 1.0 and 0.3 MJup cases it is nearly identical (within 10%). Conversely, for all our simulations the circumstellar disk signal from the P I and Q φ images is very similar (always within 10%). This behaviour can be appreciated from Fig. 3 . Strong discrepancies between P I and Q φ are expected when the scattered light deviates from a centro-symmetric pattern, which is the assumption under which Q φ is constructed. In the presence of a circumplanetary disk, photons are not expected to be scattered in such a pattern since the star is no longer the only source of photons. Therefore, the comparison of the polarized contrast from the P I and Q φ images is a simple but potentially powerful manner to discriminate the presence of a circumplanetary disk.
The comparison of two wavebands may also help discriminate between the two origins. In fact, we found that the polarized contrast from the J and H band is relatively similar for both the 1.0 and 0.3 MJup cases (spanning from a J/H ratio of 1.12 to 0.83). This means that the disk flux is either marginally blue or red with respect to the star (an aspect that depends primarily on the dust grain composition, e.g., Murakawa 2010). On the other hand, the J/H ratio from the 10 MJup and 5 MJup cases spans from 1.60 to 0.14 (see Fig. 3b ). Such large values are likely explained by the wavelength-dependent nature of a thermal emission within the region into question that severely changes the scattered photon budget from a wavelength to another.
DISCUSSION
Our models only covers part of the parameter space. We assumed a fixed dust-to-gas ratio of 0.01 even in the circumplanetary disk (Drażkowska & Szulágyi 2018) , however real disks can have smaller and larger values than this (e.g. Youdin & Goodman 2005; van der Marel et al. 2013; Drażkowska & Dullemond 2014; Birnstiel et al. 2012; Williams & Best 2014; Ansdell et al. 2016) , which might affect the results.
Our results also depend on the optical depth. In this work we took care of dust evaporation above silicate evaporation temperature (1500 K), which meant that the dust density were put to zero near the planet, where the temperatures were rising above this temperature limit. For the Monte-Carlo radiative transfer runs this meant that the photons could escape easily in this otherwise optically thick area. We made a test run for the 10 Jupiter-mass planet case, where we left the dust-density as it was originally, even in this region above 1500 K, which resulted in a much fainter circumplanetary disk. This shows that if the planet vicinity is optically thick, the photons cannot escape that much in the hot planet vicinity, reducing the circumplanetary disk brightness. However, if there is a gap between the planet and the circumplanetary disk, in this optically thin regions we could see the contribution of the hot, inner part of the circumplanetary disk in the scattered light mock images.
In this work we have considered the planets to be 50 AU from the star, but the circumplanetary disk-circumstellar disk contrast can be very different if the circumplanetary disk at another distance. Circumplanetary disks closer to the star tend to be more optically thick, yet, hotter than the more distant ones.
For the circumstellar disk mass we considered an average value of 0.01 MSun, and the radial extent was between 20-120 AU, similar to a transitional disk with an inner cavity. While the circumplanetary disk mass linearly scales with the CSD mass (Szulágyi 2017) , the changes in mass will also result in different optical depth, which can affect the results described here.
The hydrodynamic simulations did not include magnetic fields, e.g. the fields of the disks, which might affect the dust density distribution. 
CONCLUSIONS
In this work we investigated polarized scattered light detectability of the circumplanetary disk formed around young planets. We ran hydrodynamic simulations with mesh refinement and with thermal effects to resolve well the circumplanetary disk and estimate the gas temperatures realistically. Then, we post-processed the simulations with RADMC-3D Monte-Carlo radiative transfer software to create polarized light images in J, and H bands. We added convolution with a PSF-size at the diffraction limit, assuming 8.2 meter mirror. We considered different planetary mass cases: Saturn, 1, 5, 10 MJup and different disk inclinations of 0, 30, 60 degrees. The planets were embedded in a 0.01 MSun circumstellar disk, 50 AU away from their star, which was assumed to be a Sun-equivalent.
Our I, P I, Q φ and U φ images revealed that the circumplanetary disk detection is only possible in the case of very massive planets (5 and 10 MJup), although it is highly dependent on how optically thick is the circumplanetary disk (i.e. how much dust it contains, and what is the temperature there). The circumplanetary disk detection is challenging in polarized light, not only because of sensitivity but also due to the contrast with the circumstellar disk. However, we showed that, ideally speaking, it is possible to distinguish between the two disk's contributions by comparing the total polarized light (from the P I image) and the centrosymmetric polarized light (from the Q φ image), as well as by finding stronger polarized colors in the circumplanetary disk than in the neighboring circumstellar disk.
In conclusion, while circumplanetary disk detection might be challenging in polarized light, the P I/Q φ images, as well as multi-waveband image contrasts can be possible tools to detect the circumplanetary disk within the circumstellar disk. 
